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Summary
The class IV semaphorin Sema4A provides a costimu-
latory signal to T cells. To investigate the possible*Correspondence: kikutani@ragtime.biken.osaka-u.ac.jp
10 These authors contributed equally to this work.developmental and regulatory roles of Sema4A in vivo,
we generated Sema4A-deficient mice. Although Sema4A-
deficient mice develop normally, DCs and T cells from
knockout mice display poor allostimulatory activities
and T helper cell (Th) differentiation, respectively. In-
terestingly, in addition to its expression on DCs,
Sema4A is upregulated on Th1-differentiating cells,
and it is necessary for in vitro Th1 differentiation and
T-bet expression. Consequently, in vivo antigen-spe-
cific T cell priming and antibody responses against T
cell-dependent antigens are impaired in the mutant
mice. Additionally, Sema4A-deficient mice exhibit de-
fective Th1 responses. Furthermore, reconstitution
studies with antigen-pulsed DCs reveal that DC-de-
rived Sema4A is important for T cell priming, while
T cell-derived Sema4A is involved in developing Th1
responses. Collectively, these results indicate a non-
redundant role of Sema4A not only in T cell priming,
but also in the regulation of Th1/Th2 responses.
Introduction
Sema4A is a transmembrane protein belonging to the
semaphorin family, several members of which have
been identified as axonal guidance factors active dur-
ing neuronal development (Kolodkin et al., 1993; Ta-
magnone and Comoglio, 2000; Pasterkamp and Kolod-
kin, 2003). Sema4A was identified originally as a
semaphorin expressed in developing embryos, and
Sema4A transcript levels increase gradually throughout
embryonic development (Puschel et al., 1995), although
its role in development is not yet known. In addition to
its expression during embryogenesis, Sema4A is ex-
pressed in the brain, lung, kidney, testis, and spleen of
adults (Kumanogoh et al., 2002a; Kikutani and Kumano-
goh, 2003). In the immune system, Sema4A is preferen-
tially expressed by bone marrow-derived and splenic
dendritic cells (DCs) (Kumanogoh et al., 2002a). Expres-
sion of Sema4A also becomes detectable on the cell
surface of T cells following activation (Kumanogoh et
al., 2002a), although its precise expression profile and
functional significance remain unclear.
A possible role for Sema4A in the immune response
was suggested by studies with soluble Sema4A proteins
and anti-Sema4A monoclonal antibody (mAb) (Kuma-
nogoh et al., 2002a). Sema4A provides a costimulatory
signal to T cells, that is, the addition of recombinant
soluble Sema4A proteins enhances T cell proliferation
and IL-2 production following stimulation with anti-CD3
mAb. Additionally, soluble Sema4A protein enhanced
the mixed lymphocyte reactions (MLR) between allo-
geneic T cells and DCs, while an anti-Sema4A mAb
blocked the MLR, suggesting that Sema4A plays a role
in T cell activation by influencing the stimulatory in-
teractions between T cells and DCs. The administration
of soluble Sema4A proteins enhanced the in vivo gen-
eration of antigen-specific T cells. In contrast, admin-
istration of anti-Sema4A mAb blocked antigen-specific
T cell priming. Furthermore, treatment of mice with anti-
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306Sema4A mAb inhibited the development of experimen- a
atal autoimmune encephalomyelitis (EAE) induced by
administration of a myelin oligodendrocyte glycopro- t
ttein (MOG)-derived peptide, due to the impaired gener-
ation of MOG-specific T cells (Kumanogoh et al., (
e2002a). However, the role of Sema4A in physiological
and pathological immune responses remains to be de- k
stermined.
Sema4A binding partners have been identified on the e
tsurface of activated T cells. Expression cloning re-
vealed that Tim-2, a member of the T cell, immunoglob- b
Sulin, and mucin domain proteins (Tim) family, is a recep-
tor for Sema4A (Kumanogoh et al., 2002a). Mclntire et c
dal. (2001) identified a locus conferring susceptibility to
mouse allergen-induced airway hypersensitivity, which
they dubbed T cell and airway phenotype regulator I
(Tapr), and a new family of genes, designated Tims in this W
locus. Sequence polymorphisms within both mouse and t
human Tim-1 have been suggested to contribute to the t
etiology of both mouse and human T helper cell (Th)2- m
dependent diseases such as asthma (Mclntire et al., S
2001; Kuchroo et al., 2003; Chae et al., 2003; McIntire m
et al., 2003). Kuchroo and colleagues independently m
identified Tim-3 as a Th1 cell-specific surface protein l
(Monney et al., 2002). Administration of anti-Tim-3 mAb s
or soluble Tim-3 proteins promoted the development of D
Th1-dependent immune responses including EAE S
(Monney et al., 2002; Sabatos et al., 2003; Sanchez- c
Fueyo et al., 2003). In this context, the Tim protein li- d
gands, including Sema4A, are likely to be regulatory g
molecules influencing the activation and differentiation s
of T cells. However, it remains unknown how Sema4A t
is involved in regulating the differentiation of T cells into s
Th1 or Th2 effector cells. u
Here, we generated and characterized Sema4A-defi- (
cient mice. These mice displayed several functional de- I
fects in the immune system, suggesting indispensable c
and essential roles for Sema4A. Sema4A-deficient DCs a
poorly stimulated allogeneic T cells. T cells from these t
mice also exhibited impaired in vitro Th1 differentiation. d
In Sema4A-deficient mice, both in vivo T cell primary r
and Th1 generation were impaired. Moreover, reconsti-
tution experiments with antigen-pulsed DCs allowed us d
to identify the distinct roles for DC-derived and T cell- 2
derived Sema4A in different phases of the immune re- c
sponses. t
w
eResults
c
sGeneration of Sema4A-Deficient Mice
cTo evaluate the functions of Sema4A in vivo, we gener-
rated mice with a null mutation in the Sema4A locus.
wThe targeting vector was constructed by replacing a
1.8 kb genomic region including the initiation codon
with the neomycin (neo) resistance gene cassette to P
densure disruption of Sema4A protein expression (Figure
1A). Transfection of ES cells with this construct resulted A
vin two clones, each carrying one copy of the homolo-
gously recombined Sema4A mutant allele. Chimeric o
hmice derived from one of these ES clones were found
to transmit the mutant allele to their offspring. Homozy- i
ogous mutant mice were produced in a typical Mendel-
ian pattern and were viable (Figure 1B). Both female and male mutant mice appeared to develop normally
nd were fertile. RT-PCR analysis with total RNA from
he spleen and cell surface staining of DCs confirmed
he lack of Sema4A expression in homozygous mutants
Figures 1C and 1D). In macroscopic and histological
xamination, defects were not observed in the brain,
idney, lung, testis, and heart, in which Sema4A tran-
cripts are expressed. We did not observe any differ-
nces in the cell surface phenotypes, numbers, and ra-
ios of T cells and B cells in the spleen and thymus
etween Sema4A-deficient and wild-type mice (Figure
1; see the Supplemental Data available with this arti-
le online). However, as shown below, the mutant mice
isplayed functional defects in the immune system.
nvolvement of Sema4A in T Cell Activation by DCs
e previously showed by using soluble Sema4A pro-
eins and anti-Sema4A mAb that Sema4A expressed on
he cell surface of DCs enhances T cell activation (Ku-
anogoh et al., 2002a). Therefore, we tested whether
ema4A contributes to an MLR by using MHC-mis-
atched T cells and DCs. DCs from Sema4A-deficient
ice or wild-type littermates were used to stimulate al-
ogeneic CD4+ T cells. Sema4A-deficient DCs poorly
timulated allogeneic T cells compared to wild-type
Cs (Figure 2A). In contrast, when CD4+ T cells from
ema4A-deficient mice or wild-type littermates were
ultured with allogeneic DCs from wild-type mice, no
ifferences in the MLR were observed (Figure 2B), sug-
esting an important role for DC-expressed Sema4A in
timulating the MLR. Consistent with this observation,
he levels of IL-2 in the culture supernatants were con-
iderably reduced when Sema4A-deficient DCs were
sed as antigen presenting cells (APCs) in the MLRs
Table S1). However, Sema4A-deficient DCs produced
L-12 (Figure 2C) and upregulated MHC class II and
ostimulatory molecules (Figure 2D) to the same extent
s wild-type DCs following anti-CD40 treatment. Collec-
ively, these findings indicate that DC-derived Sema4A is
irectly and critically involved in the activation of T cells
eactive to allo-antigens on DCs.
We next examined in vitro responses of Sema4A-
eficient B cells to various stimuli. As shown in Figure
E, the proliferative responses of Sema4A-deficient B
ells to anti-CD40, LPS, or anti- were comparable to
hose of wild-type cells. Thus, the responses of B cells
ere not affected by the absence of Sema4A. We then
xamined the in vitro responses of Sema4A-deficient T
ells. CD62Lhigh CD4+ naïve T cells were purified by cell
orting and were cultured with immobilized anti-CD3. T
ells from Sema4A-deficient mice exhibited slightly but
eproducibly reduced responses compared to T cells of
ild-type mice (Figure 2F).
referential Expression of Sema4A
uring Th1 Differentiation
lthough the expression of Sema4A is induced on acti-
ated T cells, the precise expression profiles and roles
f Sema4A during activation and differentiation of T cells
ave not been determined. A slight reduction of anti-CD3-
nduced T cell proliferation led us to analyze the kinetics
f Sema4A expression during in vitro T cell activation
nd differentiation. For this purpose, we generated a
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307Figure 1. Generation of Sema4A-Deficient
Mice
(A) Disruption of the Sema4A gene. The gene
structure of the wild-type Sema4A allele
(top), the Sema4A targeting construct (mid-
dle), and the resultant Sema4A mutant allele
(bottom) are shown. Sema4A 5# noncoding
sequences are shown as open boxes, and
coding sequences are shown as closed
boxes. The 1.8 kb fragment containing the
initiation codon was replaced with the neo-
mycin resistance gene (Neo). The HSV-tk
gene was appended to allow for selection
against random integration. Arrows in the
Neo cassettes indicate the transcriptional di-
rections.
(B) Southern blot analysis. To assess the
genotype of wild-type (+/+), heterozygous
(+/−), and homozygous (−/−) mutant mice,
tail DNAs were digested with EcoRI, electro-
phoresed, and hybridized with the probe that
is shown by a hatched box in (A). The 10 kb fragment represents the wild-type Sema4A allele, and the 2.6 kb fragment depicts the targeted
allele.
(C) RT-PCR analysis with RNAs of the spleen from wild-type (+/+) or Sema4A-deficient (−/−) mice. PCR was performed by using the indicated
primers in (A) for Sema4A or G3PDH.
(D) Bone marrow-derived DCs from wild-type (+/+) or Sema4A-deficient (−/−) mice were stained with FITC-conjugated anti-CD11c, PE-
conjugated anti-B220 and biotinylated anti-Sema4A mAb (solid lines) or isotype-matched controls (dotted lines) plus APC-conjugated strep-
tavidin. The cells positive for CD11c and negative for B220 were gated and analyzed for Sema4A expression by flow cytometry.high-affinity Sema4A mAb by immunizing Sema4A-defi-
cient mice with Sema4A-Fc protein. This Sema4A mAb
could detect the faint Sema4A expression on CD62Lhigh
CD4+ naïve T cells, which we had failed to see when
using a rat anti-Sema4A mAb in the previous study.
Sema4A expression was maximally upregulated on T
cells 24 hr after culture with anti-CD3 and anti-CD28,
and its intensity gradually became weaker (Figure 3A,
upper). We then investigated the expression profiles of
Sema4A during in vitro Th differentiation. Naïve T cells
prepared from wild-type or Sema4A-deficient mice
were cultured with immobilized anti-CD3 plus anti-
CD28 mAbs in the presence of IL-12 plus anti-IL-4 (Th1-
skewing conditions) or in the presence of IL-4 plus anti-
IL-12 and anti-IFN-γ (Th2-skewing conditions). Under
the Th2-skewing conditions, Sema4A expression was
transiently upregulated on T cells by 24 hr, and then its
intensity became weaker (Figure 3A, lower), which is
essentially identical to the kinetics of Sema4A expres-
sion on T cells stimulated with anti-CD3 and anti-CD28
(Figure 3A, upper). Notably, when T cells were cultured
under Th1-skewing conditions, the intensity of Sema4A
expression continued to increase (Figure 3A, middle).
Furthermore, significantly upregulated Sema4A expres-
sion was persistently observed on Th1-polarized cells
after three rounds of consecutive cultures under Th1-
skewing conditions, while the intensity of Sema4A ex-
pression on Th2-polarized cells was almost compara-
ble to that on resting T cells (Figure 3B). On the other
hand, expression of Tim-2 was not detectable on the
surface of resting T cells, but it was detected on T cells
by 48 hr after stimulation (Figure S2). Cell surface ex-
pression of Tim-2 on Th1- or Th2-polarized cells was
no longer detected. However, when restimulated, the
expression of Tim-2 was induced on these cells as well
(Figure S2).Involvement of Sema4A in In Vitro
Th1 Differentiation
The expression profiles of Sema4A suggest a role for
T cell-derived Sema4A in Th differentiation. CD62Lhigh
CD4+ naïve T cells prepared from wild-type or Sema4A-
deficient mice were cultured for 5 days with immobi-
lized anti-CD3 plus anti-CD28 mAbs in the presence of
IL-12 plus anti-IL-4 (Th1-skewing conditions) or in the
presence of IL-4 plus anti-IL-12 and anti-IFN-γ (Th2-
skewing conditions). The numbers of Sema4A-deficient
T cells recovered after 5 days of Th1-skewing culture
were considerably lower compared to those of wild-
type T cells by 35% ± 5%. We then restimulated the
resulting Th1- or Th2-conditioned cells with anti-CD3
and measured the levels of IFN-γ and IL-4 in the culture
supernatants. The production of IFN-γ by Th1-condi-
tioned cells from Sema4A-deficient mice was severely im-
paired (Figure 4A, left), while the production of IL-4 was
not detected in either Sema4A-deficient or wild-type
Th1-condtioned cells (data not shown). In contrast, the
production of IL-4 by Th2-conditioned cells from
Sema4A-deficient mice was only slightly affected (Fig-
ure 4A, right). The production of IFN-γ was not detected
in either Sema4A-deficient or wild-type Th2-condtioned
cells (data not shown). Intracellular cytokine staining re-
vealed that the population of IFN-γ-producing cells in
Sema4A-deficient T cells was considerably reduced
compared to wild-type T cells (Figure 4B, upper). In con-
trast, differences were not seen in the populations of
IL-4-producing cells between Sema4A-deficient and
wild-type T cells (Figure 4B, lower).
Although Sema4A functions as a cell surface ligand
(Kumanogoh et al., 2002a), it is possible that the im-
paired in vitro Th1 differentiation might be caused by
an unknown, intrinsic function of Sema4A rather than
its inability to interact with binding partner(s) in the
knockout mice. To exclude this possibility, Sema4A-
Immunity
308Figure 2. Reduced Allostimulatory Activities of DCs in Sema4A-Deficient Mice
(A) Reduced stimulatory activities against allogeneic T cells. Irradiated DCs derived from wild-type (open circles) or Sema4A-deficient DCs
(closed circles) were cultured with allogeneic CD4+ T cells for 48 hr.
(B) Normal MLRs between wild-type and Sema4A-deficient CD4+ T cells. Irradiated DCs derived from wild-type mice were cultured with
allogeneic wild-type (open circles) or Sema4A-deficient (closed circles) CD4+ T cells for 48 hr.
(C) Normal IL-12 production in Sema4A-deficient mice. Bone marrow-derived DCs from wild-type (white bars) or Sema4A-deficient DCs (black
bars) were cultured for 72 hr with or without anti-CD40 or LPS.
(D) Normal expression of costimulatory molecules in Sema4A-deficient DCs. Bone marrow-derived DCs from wild-type (upper) or Sema4A-
deficient DCs (lower) were cultured for 24 hr with anti-CD40 mAb. Cells were stained with PE anti-B220; FITC anti-CD11c; and biotin anti-
CD40, anti-CD80, anti-CD86, or anti-I-A plus streptavidin APC. CD11c-positive and B220-negative cells were analyzed for the expression of
CD40, CD80, CD86, and I-A.
(E) Normal B cell proliferative responses in Sema4A-deficient mice. Small resting B cells prepared from wild-type (open circles) or Sema4A-
deficient mice (closed circles) were cultured for 72 hr with or without various concentrations of the indicated factors.
(F) Proliferative responses of naïve Sema4A-deficient T cells. CD62Lhigh CD4+ naïve T cells from wild-type (open circles) and Sema4A-deficient
mice (closed circles) were purified by using FACS sorting and were cultured with various concentrations of immobilized anti-CD3 plus anti-
CD28 for 48 hr. [3H]-thymidine was added for the last 14 hr.
Error bars indicate mean ± SD.Sema4A-deficient T cells was restored by coculture Differentiation of T cells into Th1 or Th2 cells crucially
Figure 3. Preferential Expression of Sema4A
during In Vitro Th1 Differentiation
(A) Expression profiles of Sema4A during T
cell activation and differentiation. Naïve T
cells were cultured with immobilized anti-
CD3 and anti-CD28 in nonpolarizing, Th1-, or
Th2-skewing conditions and then stained
with biotinylated anti-Sema4A mAb (solid
lines) or isotype-matched controls (dotted
lines) plus streptavidin-conjugated APC and
were analyzed by flow cytometry.
(B) Specific expression of Sema4A on Th1-
polarized cells. CD62Lhigh CD4+ naïve T cells
prepared from wild-type mice were cultured
with immobilized anti-CD3 and anti-CD28 in Th1- or Th2-skewing conditions. The resulting cells after 3 weeks of culture in Th1- or Th2-
skewing conditions were stained with biotinylated anti-Sema4A mAb (solid lines) or isotype-matched controls (dotted lines) plus streptavidin-
conjugated APC and were analyzed by flow cytometry.deficient CD4+ naïve T cells (Ly5.2+) were cocultured w
cwith congenic wild-type CD4+ naïve T cells (Ly5.1+) un-
der Th1-skewing conditions. The resulting Ly5.1-posi- c
ttive or -negative cells were gated, and INF-γ-producing
cells were analyzed by intracellular cytokine staining e
d(Figure 4C). The reduction in INF-γ-producing cells inith wild-type T cells. Correspondingly, Ly5.1-negative
ells derived from Sema4A-deficient mice produced
omparable levels of IFN-γ after coculture with wild-
ype T cells (Figure S3), thus excluding possible influ-
nce of the intrinsic defects of Sema4A on in vitro Th1
ifferentiation.
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309Figure 4. Involvement of Sema4A in In Vitro Th1 Differentiation
(A) Impaired in vitro differentiation of Sema4A-deficient T cells into Th1 cells. CD62Lhigh CD4+ naïve T cells prepared from wild-type (open
circles) or Sema4A-deficient (closed circles) mice were cultured with immobilized anti-CD3 (2 g/ml) and anti-CD28 (10 g/ml) in Th1-
skewing or Th2-skewing conditions. The resulting cells were restimulated with immobilized anti-CD3, and the levels of cytokines in the culture
supernatants were measured by ELISA.
(B) Reduced IFN-γ-producing cell populations in Sema4A-deficient mice. CD62Lhigh CD4+ naïve T cells prepared from wild-type (left panels)
or Sema4A-deficient (right panels) mice were cultured in Th1-skewing (upper panels) or Th2-skewing (lower panels) conditions for 5 days.
The resulting cells were analyzed for intracellular cytokine staining.
(C) Restored in vitro Th1 differentiation of Sema4A-deficient T cells by coculture with wild-type T cells. Sema4A-deficient CD4+ naïve T cells
(Ly5.2+) were cocultured with congenic wild-type CD4+ naïve T cells (Ly5.1+) under Th1-skewing conditions for 7 days. The resulting cells
positive for Ly5.2+ or Ly5.1+ cells were gated for analysis of INF-γ-producing cells by intracellular cytokine staining.
(D) Reduced expression of T-bet in Th1-conditioned cells of Sema4A-deificient T cells. Naïve T cells prepared from wild-type (white bars) or
Sema4A-deficient mice (black bars) were cultured in Th1- or Th2-skewing conditions with or without Sema4A-Fc. RNAs were prepared from
day 4 Th1- or Th2-conditioned cells. Relative expression of T-bet and GATA-3 was determined by quantitative real-time PCR with the ribo-
somal RNA expression as the normalization controls. ****, p < 0.001. Each value was analyzed by using a paired t test.
(E) Reduced expression of IL-12Rβ2 in Sema4A-deficient T cells. Wild-type or Sema4A-deficient CD62Lhigh CD4+ naïve T cells purified by
FACS sorting were cultured under Th0- or Th1-skewing conditions for 7 days. Expression of IL-12Rβ2 was determined by RT-PCR.
(F) Restored Th1 polarization of Sema4A-deficient T cells by Sema4A-Fc. CD62Lhigh CD4+ naive T cells prepared from wild-type or Sema4A-
deficient mice were cultured under Th1-skewing conditions in the presence of Sema4A-Fc or control Fc proteins. The resulting cells were
restimulated with immobilized anti-CD3, and the levels of IFN-γ in the culture supernatants were measured by ELISA.
Error bars indicate mean ± SD.
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310depends on the relative expression of the transcrip- r
stional regulators T-bet and GATA3 (Szabo et al., 2000;
Zheng and Flavell, 1997). Therefore, we examined the s
expression of T-bet and GATA3 in Th1- or Th2-skewing
conditions. As previously reported (Szabo et al., 2000), T
ehigh levels of T-bet mRNA expression were observed in
Th1-conditioned cells of wild-type mice. However, the S
winduction of T-bet expression was significantly impaired
in Th1-conditioned cells of Sema4A-deficient mice (Fig- k
iure 4D, upper). Consistent with this, the induction of IL-
12 receptor β2 (IL-12Rβ2) in Th1-conditioned cells of a
lSema4A-deficient mice was significantly reduced com-
pared to that of wild-type mice (Figure 4E). Conversely, w
calthough the expression of GATA3 was almost com-
pletely suppressed in Th1-conditioned cells of wild- W
mtype mice, substantial levels of GATA3 expression still
remained in Th1-condtioned cells of Sema4A-deficient m
mmice (Figure 4D, lower). When cells were cultured in
Th2-skewing conditions, high levels of GATA3 expres- a
usion were observed in both wild-type and Sema4A-defi-
cient T cells (Figure 4D, lower). When Sema4A-Fc was r
mincluded in the cultures of Th1-skewing conditions, the
induction of T-bet expression and IFN-γ production s
were restored in Sema4A-deficient T cells (Figure 4D,
upper, and Figure 4F). Collectively, these findings sug- i
Ngest that T cell-derived Sema4A is critically involved in
the expression of T-bet and Th1 differentiation. k
E
NIn Vivo T Cell Priming in Sema4A-Deficient Mice
cWe next examined the effects of Sema4A deficiency on
min vivo T cell activation. Wild-type or Sema4A-deficient
amice were immunized with keyhole limpet haemocyanin
e(KLH) in complete Freund’s adjuvant (CFA) into the hind
dfootpad. Five days after immunization, CD4+ T cells
swere prepared from the draining lymph nodes of the
rimmunized mice and tested in vitro for antigen-specific
(responses. As shown in Figure 5A, CD4+ T cell responses
Ito KLH were considerably reduced in Sema4A-deficient
dmice compared to wild-type mice. In particular, the pro-
mduction of IFN-γ in response to KLH was markedly im-
tpaired, while the reduction in IL-4 production was not
sas substantial. We next examined in vivo T cell re-
sponses by immunizing mice with KLH in alum. Seven
days after immunization, CD4+ T cells were prepared I
from the draining lymph nodes and restimulated with S
KLH in vitro. As shown in Figure 5B, IL-4 production in o
response to KLH was enhanced in Sema4A-deficient T
mice, but IFN-γ production was reduced. Collectively, f
these results suggest that Sema4A is involved in both d
the generation of antigen-specific T cells as well as p
playing a role in in vivo Th1/Th2 differentiation. t
b
dReduced Th1 Responses in Sema4A-Deficient Mice
To explore the influence of Sema4A deficiency on in S
fvivo antibody responses, Sema4A-deficient mice were
immunized with a TD antigen, 4-hydroxy-3-nitrophenyl- W
aacetyl-chicken-γ-globulin conjugate (NP-CGG). Sema4A-
deficient mice displayed impaired anti-NP antibody d
iresponses (Figure 5C). In particular, IgG2b and IgG3 re-
sponses, known to reflect Th1 responses, were signifi- c
icantly impaired. Antibody responses in IgG1, an iso-
type related to Th2 responses, were not significantly w
paffected by Sema4A deficiency. In addition, antibodyesponses against T cell-independent (TI) antigens
uch as TNP-LPS and NP-Ficoll were normal (data not
hown).
We further investigated a role of Sema4A in in vivo
h1 and Th2 responses in greater detail by using sev-
ral immunization and infection systems. Wild-type and
ema4A-deficient mice were intraperitoneally injected
ith Propionibacterium acnes (P. acnes), an agent
nown to induce Th1 responses. Seven or 14 days after
njection, CD4+ T cells were purified from splenocytes
nd stimulated with immobilized anti-CD3. Elevated
evels of IFN-γ were observed in wild-type mice,
hereas IFN-γ production from Sema4A-deficient T
ells did not increase above basal levels (Figure 6A).
e next utilized a delayed-type hypersensitivity (DTH)
odel. Wild-type and Sema4A-deficient mice were im-
unized with OVA. Seven days after immunization, the
ice were challenged with OVA into the hind footpad,
nd footpad swelling was measured. As shown in Fig-
re 6B, Sema4A-deficient mice exhibited impaired DTH
esponses compared to those observed in wild-type
ice. These results indicate that the in vivo Th1 re-
ponses are impaired in Sema4A-deficient mice.
We further investigated Th2 development in vivo by
nfecting mice with the intestinal parasitic nematode,
ippostrongylus brasiliensis (N. brasiliensis), which is
nown to induce Th2 responses (Takeda et al., 1996).
ight days after infection, splenic CD4+ T cells from
. brasiliensis-infected wild-type and Sema4A-defi-
ient mice were stimulated with immobilized anti-CD3
Ab for 24 hr, and the culture supernatants were
nalyzed for IL-4 production. As shown in Figure 6C,
nhanced production of IL-4 was observed in Sema4A-
eficient mice. However, IFN-γ production in N. bra-
iliensis-infected Sema4A-deficient mice was compa-
able to that in N. brasiliensis-infected wild-type mice
data not shown). Furthermore, the elevation of serum
gE levels were considerably accelerated in Sema4A-
eficient mice compared to those seen in wild-type
ice (Figure 6C). Collectively, these results suggest
hat Sema4A is involved in regulating in vivo Th2 re-
ponses.
nvolvement of DC-Derived and T Cell-Derived
ema4A in Different Phases
f the Immune Responses
he expression of Sema4A on both DCs and Th1-dif-
erentiating cells suggests that DC-derived and T cell-
erived Sema4A may play distinct roles at different
hases of the immune responses. In order to address
his question, we performed a reconstitution experiment
y transferring antigen-pulsed wild-type or Sema4A-
eficient DCs into wild-type or Sema4A-deficient mice.
even days after injection, CD4+ T cells were purified
rom the spleen and restimulated with KLH (Figure 7A).
hen wild-type DCs were injected into wild-type mice,
ntigen-specific T cell responses were markedly in-
uced. In contrast, when Sema4A-deficient DCs were
njected into Sema4A-deficient mice, antigen-specific T
ell responses were considerably impaired. Interest-
ngly, the injection of Sema4A-deficient DCs into either
ild-type or Sema4A-deficient mice resulted in im-
aired proliferation and IL-2 production, showing the
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311Figure 5. Impaired Antigen-Specific T Cell Priming and Antibody Responses in Sema4A-Deficient Mice
(A) Impaired T cell priming in Sema4A-deficient mice. Wild-type (open circles) and Sema4A-deficient mice (closed circles) were immunized
with KLH in CFA into the hind footpad. Five days after priming, CD4+ T cells prepared from the draining lymph nodes were restimulated with
various concentrations of KLH. Cells were examined for proliferation and cytokine production.
(B) Enhanced IL-4 production in Sema4A-deficient mice. Wild-type (open bars) and Sema4A-deficient mice (closed bars) were immunized
with KLH in alum. Seven days after priming, CD4+ T cells prepared from the draining lymph nodes were restimulated with KLH, and cytokine
production was examined.
(C) Impaired TD responses in Sema4A-deficient mice. Wild-type (open circles; n = 5) and Sema4A-deficient (closed circles; n = 5) mice (8–12
weeks old) were immunized intraperitoneally with 100 g NP-CGG as an alum-precipitated complex on day 0 and 14 (arrows) and were bled
at the indicated times. Levels of anti-NP antibodies were determined by using ELISA plates coated with NP12-conjugated BSA. The results
shown are representative of two independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.005, ****, p < 0.001.
Error bars indicate mean ± SD.importance of DC-derived Sema4A in T cell priming.
Conversely, the injection of wild-type DCs into Sema4A-
deficient mice, in which the T cells lack Sema4A, led to
significantly reduced IFN-γ production but enhanced
IL-4 production, suggesting the involvement of T cell-
derived Sema4A in Th1 responses. Similarly, when DCs
were pulsed with P. acnes, a potent Th1-inducing
agent, the injection of wild-type DCs into Sema4A-defi-
cient mice also led to severely impaired IFN-γ pro-
duction (Figure 7B), of which impairment could be re-
stored by administration of soluble Sema4A protein
(Figure S4). Thus, DC- and T cell-derived Sema4A play
distinct roles in the development of an immune re-
sponse.
Discussion
Nonredundant Roles of Sema4A in the Immune
System Revealed by Gene Targeting
Sema4A-deficient mice developed normally and were
fertile, although Sema4A is expressed in a broad range
of tissues from embryogenesis to adulthood (Kumano-goh et al., 2002a; Puschel et al., 1995). Our present
study has revealed the functional defects of Sema4A-
deficient mice in the immune system. In vitro analysis
showed that Sema4A-deficient DCs poorly stimulated
allogeneic T cells, and Sema4A-deficient T cells dis-
played defective Th differentiation. In addition, in vivo
studies revealed that humoral and cellular immune re-
sponses were defective in Sema4A-deficient mice. Col-
lectively, these results indicate that Sema4A plays non-
redundant roles in the immune system. However, there
are several possibilities for our failure to detect defects
in systems other than the immune system. First,
Sema4A may not be essential for the development of
nonlymphoid tissues. Second, other family members
outside the immune system could compensate for the
absence of Sema4A. In this case, receptors for
Sema4A, including Tim-2, might have additional ligands
outside the immune system. Indeed, semaphorin re-
ceptors like neuropilins and plexins are known to be
shared by several semaphorin family members (He and
Tessier-Lavigne, 1997; Kolodkin et al., 1997; Kumano-
goh et al., 2000; Pasterkamp et al., 2003; Shi et al.,
Immunity
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(A) Th1 responses induced by P. acnes. Wild-type (black bars) and Sema4A-deficient mice (hatched bars) were intraperitoneally injected with
200 g heat-killed P. acnes. Seven days after injection, CD4+ T cells from the spleen were stimulated with anti-CD3 for 24 hr. The concentra-
tions of IFN-γ and IL-4 in the culture supernatants were measured by ELISA.
(B) DTH responses in Sema4A-deficient mice. Wild-type (black bars) and Sema4A-deficient (white bars) mice were immunized with OVA in
CFA. Seven days later, mice were challenged in the footpad with OVA, and footpad swelling was measured 2 days after challenge.
(C) Enhanced Th2 Responses to N. brasliensis in Sema4A-Deficient Mice. (left) IL-4 production in response to N. brasliensis infection. Splenic
CD4+ T cells from wild-type (open circles) or Sema4A-deficient (closed circles) mice were prepared from mice infected with the suboptimal
doses of N. brasliensis. Cells were stimulated with immobilized anti-CD3 for 24 hr. Supernatants were analyzed by ELISA. (right) IgE responses
in N. brasliensis infection. Serum IgE levels of wild-type (open circles) or Sema4A-deficient (closed circles) mice were measured at day 0 and
day 8 after the infection by using a mouse IgE ELISA kit.
Error bars indicate mean ± SD.2000; Kumanogoh and Kikutani, 2003; Toyofuku et al., b
s2004), suggesting the existence of functional redun-
dancy. Alternatively, the mutant mice may have subtle w
adefects that were overlooked in our preliminary analy-
ses. In this case, further examination of the mutant e
cmice will be required.
Requirement of Sema4A on DCs R
ffor T Cell Activation
We found that the allostimulatory activities of DCs were A
bsignificantly impaired in Sema4A-deificient mice. Sema4A
expression on activated T cells was not critically in- 2
Svolved in MLRs. The expression levels of costimulatory
molecules on Sema4A-deficient DCs were comparable t
sto those on wild-type DCs. It thus appears that the defi-
ciency of Sema4A on DCs is primarily responsible for d
pthe impaired activity of DCs to stimulate allogeneic T
cells. In this context, the reduced stimulatory activities p
sof Sema4A-deficient DCs could explain the defective T
cell priming in Sema4A-deficient mice. Indeed, these s
dresults are consistent with the previous findings with
recombinant soluble Sema4A or anti-Sema4A mAb (Ku- w
cmanogoh et al., 2002a), that is, soluble Sema4A pro-
teins enhanced the MLR by directly acting on T cells, s
owhile anti-Sema4A mAb inhibited the MLR. Also, it haseen previously shown that in vivo administration of
oluble Sema4A proteins promotes T cell priming,
hereas anti-Sema4A mAb inhibits the generation of
ntigen-specific T cells. Furthermore, the reconstitution
xperiment performed in this study also supports the
ritical role of DC-derived Sema4A in T cell activation.
equirement of T Cell-Derived Sema4A
or T Cell Differentiation
lthough the expression of Sema4A has been shown to
e inducible on activated T cells (Kumanogoh et al.,
002a), the functional significance of T cell-derived
ema4A was not previously identified. We here showed
hat the levels of Sema4A expression on T cells were
ignificantly and selectively enhanced throughout Th1
ifferentiation, but not Th2 differentiation. Moreover, we
erformed a series of in vitro T cell differentiation ex-
eriments that did not include APCs, and we demon-
trated a role for T cell-derived Sema4A in T cell re-
ponses, in particular, Th1 differentiation. In vitro
ifferentiation of Sema4A-deficient T cells into Th1 cells
as severely impaired, while differentiation into Th2
ells was only slightly affected. These observations
trongly suggest that increased expression of Sema4A
n Th1-differentiating cells can further promote Th1 dif-
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313Figure 7. Transfer of Antigen-Pulsed DCs into Sema4A-Deficient Mice
(A) Involvement of DC-derived Sema4A and T cell-derived Sema4A in distinct phases of immune responses. Sema4A-deficient or wild-type
DCs pulsed with KLH were injected into wild-type or Sema4A-deficient mice. Seven days after DC injection, CD4+ T cells purified from the
spleen were restimulated with KLH for 72 hr.
(B) Involvement of T cell-derived Sema4A in P. acnes-induced Th1 responses. Sema4A-deficient or wild-type DCs pulsed with P. acnes were
injected into wild-type or Sema4A-deficient mice. Seven days after DC injection, CD4+ T cells purified from the spleen were restimulated with
P. acnes for 72 hr. For proliferation assays, cells were pulsed with 2 Ci [3H]-thymidine for the last 14 hr. Levels of cytokines in the culture
supernatants were measured by using the Bio-Plex suspension array system.ferentiation. Under these circumstances, Sema4A might
function in an autocrine manner or through cognate T
cell-T cell contacts. Collectively, the present findings
identified a function for T cell-derived Sema4A in addi-
tion to that of DC-derived Sema4A.
The induction of T-bet was severely impaired in
Sema4A-deficient T cells under Th1-skewing conditions.
T-bet is a Th1-specific transcriptional factor crucial for
commitment to Th1 lineage (Szabo et al., 2000; Hatton
and Weaver, 2003). This underscores the importance of
Sema4A in Th1 differentiation. Indeed, ectopic expres-
sion of T-bet by retrovirus restored the Th1 polarization
of Sema4A-deficient T cells (Figure S5). In this context,
Sema4A deficiency may affect T-bet expression or sig-
nals responsible for its expression. Of note, the induc-
tion of IL-12Rβ2, which is crucially dependent on T-bet
(Afkarian et al., 2002), was significantly reduced in Th1-
conditioned cells of Sema4A-deficient mice compared
to wild-type mice (Figure 4E). Under Th1-skewing con-
ditions, Sema4A-deficient T cells displayed rather poor
responses to IL-12 compared to IFN-γ (Figure S6). In
this context, the poor IL-12 responsiveness of Sema4A-
deficient T cells might be critical for the impaired Th1
differentiation. Further studies are required to elucidate
the mechanism by which Sema4A is involved in regulat-
ing T-bet induction during Th1 differentiation.
After differentiated into Th1 cells in the presence of
Sema4A-Fc, Sema4A-deficient cells could produce al-most normal levels of IFN-γ in response to anti-CD3
even without exogenous Sema4A (Figure 4F). This find-
ing suggests that Sema4A is necessary for Th1 differ-
entiation, but not for the functions of Th1 effector cells.
However, we cannot exclude the possibility that high
levels of Sema4A expression on Th1-polarized cells
may have unidentified functions.
Involvement of Sema4A in Regulating
Th1/Th2 Responses
Immunization with protein antigens led to significantly
reduced in vivo T cell responses in Sema4A-deficient
mice. This may reflect roles of Sema4A in both antigen-
specific T cell priming and Th1 differentiation. Sema4A
is constitutively and abundantly expressed on the cell
surface of DCs. Furthermore, Sema4A-deficient DCs
displayed a significantly reduced ability to stimulate al-
logeneic T cells. These findings suggest that DC-
derived Sema4A is involved in the early phase of T cell
activation, which is crucial for T cell priming. In vitro
proliferation of Sema4A-deficient T cells in response to
anti-CD3 was slightly reduced, suggesting that T cell-
derived Sema4A may be also relevant to T cell activa-
tion. At the moment, we do not know to what extent T
cell-derived Sema4A is involved in the early phases of
T cell activation. In addition to the defects in the gen-
eration of antigen-specific T cells, Sema4A-deficient
mice displayed severely impaired Th1 responses upon
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and DTH models, we observed that Th1 responses n
were impaired in Sema4A-deficient mice. These de- b
fects seem to be consistent with impaired in vitro Th1 i
differentiation of Sema4A-deficient T cells. Similarly,
ESema4A-deficient mice exhibited impaired antibody re-
sponses not only in IgM, but also in IgG2b and IgG3,
Gisotypes promoted during Th1 responses. It therefore
G
appears that Sema4A may promote conditions favor- m
able for Th1 differentiation. Sema4A, of which high c
levels of expression are increasingly induced on Th1-
Fdifferentiating cells, might be involved in a relatively late
Ophase of T cell responses, in particular, Th1 differentia-
ttion. The impaired T cell responses seen in Sema4A-
a
deficient mice reconstituted with wild-type antigen- C
pulsed DCs strongly support the functional significance (
of T cell-derived Sema4A in in vivo Th1 responses. c
oIn contrast to the in vivo Th1 responses, in vivo Th2
-responses seem to be enhanced in Sema4A-deficient
gmice. In N. brasiliensis infection, Th2 responses, includ-
eing IL-4 production and serum IgE levels, were substan-
n
tially promoted in the mutant mice compared to those b
in wild-type mice. Upon infection with live nematodes A
that may overcome impaired T cell priming, defective m
fTh1 responses might in turn lead to enhanced Th2 re-
asponses in Sema4A-deficient mice. It is also possible
cthat the reduction in T-bet might lead to an imbalance
(
between Th1 and Th2. Indeed, it has been shown that
T-bet-deficient mice exhibit not only impaired Th1 re- I
sponses, but also enhanced Th2 responses, the latter B
bof which includes spontaneously developed multiple
pphysiologic and inflammatory features characteristic of
basthma (Finotto et al., 2002). In this context, the im-
bpaired induction of T-bet in Sema4A-deficient T cells
m
might explain why Sema4A-deficient mice exhibited C
defective in vivo Th1 responses but enhanced in vivo a
Th2 responses. a
fTim-2 is involved in Sema4A-mediated T cell activa-
btion (Kumanogoh et al., 2002a). Here, we found that the
mexpression of Tim-2 is inducible not only in activated
m
T cells, but also in Th-differentiated cells (Figure S2). U
Although it appears that Tim-2 has some role in s
Sema4A-mediated Th1 differentiation (Figure S7), we n
Bhave not still reached the definitive conclusion about a
trole of Tim-2 for Sema4A-mediated Th1 differentiation.
mIn addition, we cannot exclude a possibility that
cSema4A might have distinct receptors to exert its dif-
C
ferent effects during T cell activation and differentia- d
tion. Of note, many members of the semaphorin family, t
including class IV semaphorins, play developmental w
uroles through plexins in various embryonic tissues (Ta-
Tmagnone and Comoglio, 2000). Indeed, we have re-
acently found that Sema4A can also bind some mem-
tbers of the plexin family (T.T. et al., unpublished data),
w
which fact suggests a possibility that some plexins may t
also be involved in Sema4A signaling in the immune
system. Further studies would be required to determine T
how Sema4A functions in distinct phases of immune re- M
psponses.
dIn conclusion, we have demonstrated nonredundant
froles of Sema4A in the immune system, not only con-
i
firming a function of DC-derived Sema4A in T cell acti- m
vation, but also revealing a role for T cell-derived 5
Sema4A, especially for Th1 differentiation. As a conse-
quence, Sema4A deficiency profoundly affected in vivocell responses. The present findings provide not only
ew insight into the regulation of Th1/Th2 responses,
ut also a clue for the potentiation of and intervention
n pathological immune responses.
xperimental Procedures
ene Targeting
eneration of Sema4A-deficient mice was described in the Supple-
ental Experimental Procedures. All experimental procedures were
onsistent with institutional guidelines.
low Cytometric Analysis and Antibodies
ne million cells from the various tissues tested were stained with
he following antibodies: anti-CD4 (GK1.5), anti-CD62L (MEL-14),
nti-CD11c (HL3), anti-B220 (RA3-6B2), anti-CD40 (3/23), anti-
D80 (16-10A1), anti-CD86 (GL-1), anti-I-Ab (25-9-17), anti-CD45.1
Ly5.1), and anti-Sema4A (SK31, 5E3) (Kumanogoh et al., 2002a)
onjugated with FITC, phycoerythrin (PE), or biotin in the presence
r absence of Fc block (anti-CD16/32, 2.4G2). Streptavidin-FITC,
PE, and -allophycocyanin (APC) were used as second-step rea-
ents for biotinylated antibodies. These antibodies and reagents,
xcept for anti-Sema4A, were purchased from Pharmingen (Kuma-
ogoh et al., 2002a). An anti-Sema4A mAb (5E3) was established
y immunizing Sema4A-deficient mice with Sema4A-Fc proteins.
nalysis of intracellular cytokines was performed according to the
anufacturer’s protocol (Pharmingen). Cells were stained with the
ollowing monoclonal antibodies (Pharmingen): PE-conjugated
nti-IL-4 (1D11), FITC-conjugated anti-IFN-γ (XMG1.2), and isotype
ontrols. Data analysis was performed by using FlowJo software
Treestar).
n Vitro Assays
cells and T cells were isolated from the spleen or lymph nodes
y using MACS sorting (Miltenyi Biotech, Germany). The resulting
urity was >95% in each experiment. DCs were generated from the
one marrow progenitors of wild-type or Sema4A-deficient mice
y using GM-CSF as previously described (Inaba et al., 1992; Ku-
anogoh et al., 2002b). For in vitro T cell differentiation assays,
D62Lhigh CD4+ naïve T cells were purified by using FACS sorting
s described previously (Kumanogoh et al., 2001; Kumanogoh et
l., 2002a). CD62Lhigh CD4+ naïve T cells (1 × 105 cells/ml) prepared
rom wild-type or Sema4A-deficient mice were cultured with immo-
ilized anti-CD3 (0.1, 1, 2, 10 g/ml) plus anti-CD28 mAbs (10 g/
l) in the presence of IL-12 (1, 10, 100 U/ml) plus anti-IL-4 (10 g/
l) (Th1-skewing conditions) or in the presence of IL-4 (1, 10, 100
/ml) plus anti-IL-12 (10 g/ml) and anti-IFN-γ (10 g/ml) (Th2-
kewing conditions) with or without Sema4A-Fc (10 g/ml) (Kuma-
ogoh et al., 2002a). For B cell proliferation assays, 1 × 105 purified
cells were cultured for 72 hr with or without various concentra-
ions of anti-CD40 mAb (HM40-3), LPS (Sigma), or anti- in 96-well
icrotiterplates. For T cell proliferation assays, 2 × 104 cells were
ultured with or without immobilized anti-CD3 (2C11) and anti-
D28 (37.51) for 48 hr in 96-well microtiterplates. For IL-12 pro-
uction assays, the concentration of IL-12 in the culture superna-
ants was measured after culturing DCs (1 × 105 cells/ml) for 72 hr
ith or without anti-CD40 (3/23) or LPS. The IL-12 was detected by
sing a mouse IL-12p40 ELISA kit (R&D Systems). For MLRs, CD4+
cells (5 × 104 cells/well) were cultured with irradiated (3000 rad)
llogeneic DCs for 48 hr. Bone marrow-derived DCs were pre-
reated with anti-CD40 for 24 hr. To measure cell proliferation, cells
ere pulsed with 2 µCi [3H]-thymidine for the last 14 hr of the cul-
ure period.
Cell Priming
ice were immunized with 10 g KLH in CFA into the hind foot-
ads. Five days after priming, CD4+ T cells were purified from the
raining lymph nodes by MACS, and 5 × 104 cells were stimulated
or 72 hr with various concentrations of KLH in the presence of
rradiated (3000 rad) splenocytes (2.5 × 105) of wild-type litter-
ates. For KLH immunization in alum, mice were immunized with
0 g KLH in alum into the hind footpads. Seven days after the
+immunization, CD4 T cells were purified from the draining lymph
nodes by MACS, and 5 × 104 cells were stimulated for 72 hr with
Sema4A in T Cell Priming and Th1/Th2 Responses
315KLH in the presence of irradiated (3000 rad) splenocytes (2.5 × 105)
of wild-type littermates.
For proliferation assays, cells were pulsed with 2 µCi [3H]-thymi-
dine for the last 14 hr. Levels of cytokines in the culture superna-
tants were measured by using ELISA kits (R&D systems).
Immunization and Antibody Assays
To induce antibody responses to TD antigen, 8-week-old mice were
immunized intraperitoneally with 100 µg NP-CGG as an alum-pre-
cipitated complex at day 0 and boosted at day 14. NP-specific
antibodies were detected with NP12-BSA-coated ELISA plates and
quantified by isotype-specific ELISA as described (Shi et al., 2000).
In Vivo Induction of Th1/Th2 Responses
Mice were injected intraperitoneally with 200 g heat-killed P. acnes
to induce Th1 responses in vivo. Seven or 14 days after injection,
splenic CD4+ T cells were purified and stimulated on immobilized
anti-CD3-coated plates for 24 hr as described previously (Takeda
et al., 1998). For DTH, wild-type and Sema4A-deficient mice were
immunized subcutaneously with OVA in CFA (Chen et al., 1999).
Seven days later, mice were challenged in the footpad with OVA,
and footpad swelling was measured 2 days after challenge.
For N. brasiliensis infection, 400 third-stage N. brasiliensis larvae
were injected subcutaneously into Sema4A-deficient and wild-type
mice. Eight days after the infection, CD4+ T cells were purified from
the splenocytes and cultured with immobilized anti-CD3 for 24 hr.
Levels of IFN-γ and IL-4 in culture supernatants and serum levels
of IgE were measured by ELISA.
Transfer Experiment
DCs were generated from bone marrow cultured in the presence of
GM-CSF as described previously (Inaba et al., 1992). DCs were
pulsed with KLH (50 g/ml) in the presence of anti-CD40 (0.2 g/
ml) or P. acnes (10 g/ml) for 24 hr. For in vivo transfer experiments,
mice were injected i.p. with 1 × 106 antigen-pulsed DCs as pre-
viously described (MacDonald et al., 2002). Seven days after DC
injection, CD4+ T cells were purified from the spleen and stimulated
with KLH (20 g/ml) or P. acnes (5 g/ml) in the presence of irradi-
ated (3000 rad) Thy1+-depleted spleen cells of wild-type littermates
for 72 hr. For proliferation assays, cells were pulsed with 2 Ci
[3H]-thymidine for the last 14 hr. Levels of cytokines in the culture
supernatants were measured by using Bio-Plex suspension array
system (Bio-Rad).
Supplemental Data
Supplemental Data including Experimental Procedures, one table,
and seven figures are available at http://www.immunity.com/cgi/
content/full/22/3/305/DC1/.
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